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ABSTRACT 

The Spectrograph for Photometric Imaging with Numeric Reconstruction (SPINR) sounding rocket 
experiment was launched on 2000 August 4 to record far-ultraviolet (912-1450 A) spectral and spatial 
information for the giant reflection nebula in the Upper Scorpius region. The data were divided 
into three arbitrary bandpasses (912-1029 A, 1030-1200 A, and 1235-1450 A) for which stellar and 
nebular flux levels were derived. These flux measurements were used to constrain a radiative transfer 
model and to determine the dust albedo for the Upper Scorpius region. The resulting albedos were 
0.28 ± 0.07 for the 912-1029 A bandpass, 0.33 ± 0.07 for the 1030-1200 A bandpass, and 0.77 ± 0.13 
for the 1235-1450 A bandpass. 

Subject headings: dust, extinction — ISM: individual (Scorpius 0B2) — radiative transfer — ultravi- 
olet: ISM 



1. INTRODUCTION 

Dust in the interstellar medium (ISM) is central to 
many physical processes, such as star and planet forma- 
tion. In the ultraviolet (UV) , the properties of interstel- 
lar dust are largely gleaned from the interactions between 
dust and the electromagnetic radiation from UV bright 
stars. Typically, these interactions manifest themselves 
through the absorption and scattering of UV light. The 
reduction of starlight by dust is commonly referred to 
as extinction, which has been characterized in the Milky 
Way Galaxy by an idealized set of w avelength depende nt 
'extinction curves' (see the review bv lFitzpatricS (pOOl ). 

The light scattering properties of dust are character- 
ized by two quantities: the albedo (a) and the asym- 
metry parameter {g). Both a and g are functions of 
the wavelength of the incident light. Previous studies 
have probed reflection nebulae, dark clouds, and diffuse 
galactic light in an attempt to characterize the scatter- 
ing properties of interstellar dust from infrared (IR) to 
UV wavelengths (see the review by Gordon (2004)). Al- 
though these studies have contributed to the characteri- 
zation of dust in the ISM, there is still much debate about 
dust radiative transfer models and the appropriateness of 
tech niques used in measuring a and q for a given sigh t 
line ()M:athis et al.l l2002: Drainc 2003: iZubko et al.ll2004f ). 
Further observations of dusty environments throughout 
our galaxy and beyond, along with the continued refine- 
ment of current dust models are needed in order to en- 
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hance our understanding. 

The Upper Scorpius cloud is ideally suited for probing 
the scattering properties of dust grains. It is an inter- 
nally illuminated reflection nebula, which makes the to- 
tal nebular flux s trongly dependent o n a and only weakly 
dependent on g ([Gordon et al.| [l99?). This nebular ge- 
ometry will result in an accurate measurement of a, but 
it is likely that any measure of g will have large un- 
certaintie s. The Upper Scorpiu s region was also found 
by Gaust ad fc van BurenI (Il993| ) to have very little fore- 
ground dust, which would add to the uncertainty in the 
scattering properties of the nebula. By considering this 
region as a whole, a large sample of UV bright stars are 
available as illumination sources for the dust model. Mul- 
tiple illuminating sources will reduce the model's depen- 
dence on the accuracy of any one star's derived proper- 
ties. It was for these reasons that the nebula in Upper 
Scorpius was selected as the target for the Spectrograph 
for Photometric Imaging with Numeric Reconstruction 
(SPINR) sounding rocket mission (Cook et al. 2003, 
hereafter Paper I). 

The SPINR experiment provides a unique look at the 
ISM in the FUV wavelength regime from 912-1450 A. By 
recording wide-field (~16°) spectral and spatial informa- 
tion from a given target simultaneously, a complete pic- 
ture of the dust properties in a region can be derived. 
Paper I presents the details of the SPINR experiment 
while its data have been used by Lewis et al. (2005, 
hereafter Paper II) to derive the extinction properties 
along several lines of sight in the Upper Scorpius Cloud. 
Paper II found that the Upper Scorpius region possesses 
a wide range of extinction properties, which makes it 
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an excellent probe of the various dust environments seen 
throughout the Milky Way. Thus far, only a handful of 
studies have probe d dust scatte ring properties shortward 
of Lyg (1216 A) ([Witt et all [l9 93: Burgh et al. 200j: 
Suiatha et all l200a iShalima et all 120061 : iSuiatha et all 
20071) . The SPINR data are unique in that spectra for 
the entire 16° field-of-view (FOV) were recorded simul- 
taneously without the FOV limitations of a traditional 
long slit or the spectral resolution limitations of tradi- 
tional wide band filters. Currently, there are significant 
discrepancies between model pr ediction s of dust albedo 
in the FUV and observations ( GordonI [2004). The in- 
sights gained from the SPINR study of the Upper Scor- 
pius cloud will help to paint a more complete picture of 
dust scattering properties in the FUV. 

The goal of this paper is to present the determination 
of a and g values for dust in the Upper Scorpius region 
at the effective wavelengths Ae// = 973 A, 1106 A, and 
12 61 A. Additionally, t he Upper Scorpius data presented 
in IGordon et al.l (|1994l ) were revisited with an improved 
radiative transfer model to determine the value of a in 
the STS-39 FUV camera (FUVCam) bandpasses, Ae// = 
1362 A and 1769 A. 

2. OBSERVATIONS AND IMAGE RECONSTRUCTION 

On 2000 August 4, the SPINR rocket experiment was 
launched from the White Sands Missile Range to record 
both spectral and spatial information from the Upper 
Scorpius cloud in the FUV. Approximately 400 s of 
data were recorded at a 2'. 5 RMS spatial resolution and 
10 A spectral resolution. SPINR optically compresses 
the FOV into a single spatial dimension at each wave- 
length which in combination with the rotation of the 
rocket about its optical axis creates a three-dimensional 
(position, wavelength, and time) data cube. Extracting 
the stellar spectra from the SPINR data cube is a fairly 
simple operation. One must simply identify the celes- 
tial coordinates corresponding to the axis of rotation of 
SPINR, then predict the phase and amplitude of the sine 
curve traced out by each star over the duration of the ob- 
servation (Paper I). The point spread function (PSF) of 
the instrument varies with wavelength and position, but 
is on average Gaussian in shape with a full-width half- 
maximum of 10 pixels (~7'.8). Data lying within the 
PSF of the predicted sine curve can then be collected 
and assigned to the proper source. 

A similar process can be performed to reconstruct a 
spatial image of the SPINR data. Paper I reviews sev- 
eral types of algorithms that could be used in the im- 
age reconstruction pr ocess. In this study, the Pixon 
(|Piiia fc Puetteiiri993f ) method of image reconstruction 
was used to create images of the Upper Scorpius region in 
three arbitrary wavelength bands: 912-1029 A, 1030-1200 
A, and 1235-1450 A. Fi gure [Tj shows the reconstructed 
image for each SPINR wavelength bands and an image 
from the STS-39 FUVCam experiment (G. R. Carruthers 
2006, private communication) for the 1230-1600 A wave- 
length range. The FOV in each of these images has been 
constrained to the inner 10° of the the SPINR FOV for 
comparison purposes. The SPINR images are at a sig- 
nificantly lower spatial resolution than the raw SPINR 
data because of computational restrictions on the image 
reconstruction process. For this reason, the data anal- 



ysis presented here was performed on the raw SPINR 
sinogram data. 

3. DATA ANALYSIS 



Following the work of IGordon et al.l (|1994f ). there were 
several items that needed to be calculated in order to 
properly constrain the dust model. One of the key items 
is the nebular to stellar flux ratio (F/v /F^,) for each wave- 
length band. This ratio will constrain the range of ac- 
ceptable solutions for the albedo, a. The derivation of 
the total stellar flux, F^,, for each bandpass is detailed 
in section 1221 The basic properties of the stellar sources 
considered in this study are detailed in Table [T] The 
derivation of the total nebular flux, Fn, is outlined in 
section 13.31 Table H] presents the values of Fjv /F* for 
each bandpass derived in this study. The model (fur- 
ther described in section 13. ip also requires estimates of 
the dereddened luminosity and the depth into the cloud 
of each stellar source, which are calculated by determin- 
ing the extinction (section [3.2. ip . H2 absorption (section 
I3.2.2p . and i?y parameter (section r3.2.3p along each line 
of sight. 

3.1. Dust Model 

The DIRTY Monte Carlo radiative transfer model 
([Gordon et al.ll2001l : lMisselt et al.ll200in was used in this 
study to determine the a and g values that best repro- 
duced the observed nebular surface brightness of the Up- 
per Scorpius cloud. The geometric model of the Upper 
Scorpius cloud used is identical to that of IGordon et al.l 
([1994) with a uniform sphere of dust with each star em- 
bedded to a depth equal to its measured optical depth 
at each wavelength modeled. This simplistic geometry is 
used as it is more important for the radiative transfer so- 
lution to have each star embedded to the correct optical 
depth, than to the correct physical depth. The effects of 
the known clu mpy struc ture of the ISM on albedo deter- 
minations Mat his et al.l (2002) are mitigated by the mul- 
tiple illumination sources in the Upper Scorpius cloud. 
The multiple illumination sources mean that the com- 
puted scattered flux is relatively insensitive to the details 
of a single star's parameters (luminosity, optical depth, 
etc.), which could be affected by clumpy structures along 
its line of sight. This prescription for the radiative trans- 
fer model for Upper Scorpius was shown to be valid, but 
not necessarily unique, by the close corre spondence be- 
tween the models and observed images in IGordon et al.l 
([19941 . 

3.2. Stellar Flux 

The total stellar flux in each wavelength band was 
determined by identifying those stars in the SPINR 
FOV that are bright in the ultraviolet and simply sum- 
ming their measured fluxes. These UV bright stars 
were selected from the Astronomica l Netherlands Satel- 
lite (ANS) catalog (jWesselius et al.| [r9821 based on two 
criteria: 1) they reside inside the 16° SPINR FOV. 2) 
at 1500 A the wide band (5A=149 A) magnitude is less 
than 6.0 mag. For the fourteen brightest stars, measure- 
ments of their reddened luminosities for each bandpass 
were easily extracted from the SPINR data by knowledge 
of their relative position. Swaths of 30 pixels around the 
predicted stellar sine curves were extracted from the raw 
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SPINR data in order to collect all the stellar light within 
~ 6(7 of the central Gaussian stellar peak. Pixels where 
two or more stellar sine curves intersected were ignored. 
Those pixels not associated with a stellar line of sight 
were used to create a background spectrum that was re- 
moved from each of the stellar spectra. This background 
spectrum includes the average nebular flux in the region 
in addition to the instrument background and telluric 
emissions. The flux from the dimmest nineteen stars 
in SPINR's FOV (15-33 in Table [J) could not be dis- 
entangled from the nebular flux because of low spatial 
resolution and were estimated using available data and 
stellar models as described below. This flux amounts to 
less than 5% of the total stellar flux in each bandpass. 

For the 912-1029 A and 1030-1200 A bandpasses, es- 
timates of the reddened luminosities for the dimmest 
nineteen stars were made using the Kurucz model 
( Kurucd Il992f) correspond ing to the surface gravity 
( Straizvs fc Kuriliend I1981D and effective temperature 
(jde Jager fc Nieuwe nhuiizenI 119871 ) predicted from the 
MK spectral type and luminosity class of each star (Table 
[T]) . The Kurucz models were then converted into SPINR 
units (counts s^"'^) using the dereddened spectrum of vr 
Sco as a standard. However, in order to make an esti- 
mate of the expected reddened luminosity of each star, 
the amount of reddening along each line of sight had to 
be calculated. Details on the derivation of extinction 
curves, H2 attenuations, and ratios of total to selective 
extinction, Ry, can be found in the following sections. 
Stellar fluxes derived from the Kurucz models accounted 
for less than 5% of the total reddened stellar luminos- 
ity and less than 10 % of the total dereddened stellar 
luminosity. 

In the 1235-1450 A bandpass. International Ultravi- 
olet Explorer [lUE) data (Table [1]) were converted into 
SPINR units (counts s'^) using the spectrum from tt Sco 
as a standard then summed over the bandpass to obtain 
an estimate of the reddened luminosity for the dimmest 
nineteen stars in the FOV. lUE data were also used to 
estimate the reddened luminosities of r Sco and p Sco 
in the 1235-1450 A bandpass because their proximity to 
the edge of the detector prevented an accurate measure- 
ment in this lower sensitivity bandpass. Table [3] presents 
the reddened luminosities for each star that were used in 
calculating the total stellar flux (F,) in each bandpass. 

3.2.1. Extinction Curves 

The extinction curves of the form k{X — V) — E{X — 
V)/E{B - V) for TT Sco, (3 Sco, 5 Sco, a Sco, oj Sco, 
V Sco, and p Oph, which account for '^65% of the to- 
tal reddened stellar luminosity, were previously derived 
from SPINR data in Paper II. For the other stellar lines 
of sight in this study with lower signal-to-noise ratios, 
it proved difficult to derive a reliable measure of the ex- 
tinction from the SPINR data in the 912 A to 1450 A 
wav elength ran g e. H owever, as was shown in Paper II 
and I Sofia et al.l (|2005f) . a fairly reliable prediction of ex- 
tinction in the FUV along a given line of sight can be 
made by fittin g a curve according to the parameteriza- 
tion of .Fitzpatrick fc Massal (|1988f ) to lUE data then ex- 
trapolating the curve out shortward of Lya. For each 
line of sight possessing an E{B — V) > 0.1, an extinc- 
tion curve was derived from the lUE data listed in Ta- 



ble [T] using the pair comparison method outlined in Pa- 
per II. The compari s on st ars used and the subsequent 
iFitzpatrick fc Massal ()1988f ) parameterization for the ex- 
tinction curves are found in Table 01 For lines of sight 
with E{B — V) < 0.1 it was assumed that the Galac- 
tic mean curve could be used to deredden the data with 
the introd uction of only sm all errors [less than 1% of 
k{\ - V)] (IGreen et al.lll992n ]. 

3.2.2. H2 Absorption 

When working with spectral data in the wavelength 
regime between the Lyman edge (912 A) and Lya (1216 
A) it is important to consider the effects of H2 absorp- 
tion. In addition to the attenuation of starlight by dust 
in this wavelength regime, the H2 Lyman and Werner 
band systems produce numerous absorption features in 
th e spectra. The H2 optical depth templates developed 
by IMcCandhssI ((200l for the FUSE mission were used 
in this study to make a best estima te of the H2 attenu - 
ation, TH2, along each hne of sight. iSavage et al.l ()1977D 
presented measurements from the Copernicus spacecraft 
of the column densities of interstellar H2 in the J = 
and J — 1 rotational levels of the ground vibrational 
state [v" = 0), N{0) and N{1) respectively. Several of 
the lines of sight in this study have measu rements of iV(0) 
and iV(l) detailed in S avage et al.l (|1977[ ). For those lines 
of sight without readily available H2 measurements, val- 
u es for N(0) and Nj l) were estimated from E{B — V). 

IBohhn et al.l (|1978l ) first derived the dust to gas ratio 

7V(Htot) = (5.8 X 10^^ cm-2 mag-i)E(B - V), (1) 

where iV(Htot) = N(H I) + 2N(H2), from Copernicus 
data. This relationship (equation [1]) was later confirmed 
by Rachford et al. (2002) using FUSE data. Addition- 
ally, Diplas fc Savage! ([1994) used Lya absorption mea- 
surements from lUE data to derived the ratio 

NiR I) = (4.93 ± 0.28 x lO^i cm^^ mag-^)E{B - V). 

(2) 

Combining equations ^ and the total column den- 
sity of molecular hydrogen along a given line of sight can 
be derived to be 

7V(H2) = (4.35±1.40xl0^° cm^^ mag-i)E(B-V). (3) 

In this study it assumed that all of the interstellar H2 are 
in either the J = or J = 1 rotationa l levels , therefore 
N(R2) = N(0) + N(l). ISavage et al.l (fl97l found an 
average value of the kinetic temperature of the gas to 
be Toi = 77 ± 17 K toward stars with A^(0) and N{1) 
larger than 10^* cm~^. For the 11 lines of sight in this 
study with Copernicus measurements, all except r Sco 
exhibited 7V(0) and A^(l) > lO^^ cm'^. Therefore, it 
assumed that Tqi = 77±17 K, from which values for iV(0) 
and A'^(l) can be derived using the Boltzmann relation 
and a value for E{B — V). 

With values for A''(0) and N{1) for each line of sight 
estimated, the final item needed to produce an estimate 
from the [McCandliss (2003) te mplates is an esti- 
mate of the Doppler parameter, b. iSpitzer et al.l ()1974l ) 
provided measurem ents of b toward fo ur stars in this 
study. As shown in ISavage et al.l (|1977l ). with values for 
iV(0) ~ 10^^ cm~^, the use of estimated values of 6 < 10 
km s~^ should result in small (< 1%) errors in the overall 
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H2 profile. Therefore, an average value of & = 5 km 
was assumed toward each star, except for r Sco where 
-^(0) < 1-66 X 10^^ cm~^, in which case the reported 
value of 6 = 3.8 km s^^ was used. Each of derived th^ 
templates were smoothed to the SPINR spectral resolu- 
tion (~ lOA) then used in determining the total optical 
depth toward each star as described in section !?. 2. 31 

3.2.3. Rv Parameter and Optical Depths 

In this study, the ratio of total to selective extinction, 
Ry — A{V)/E{B — V), for each hne of sight has been 
derived from available IR data according to the method 
presented in iFitzpatrickl (jl999( ). The majority of the IR 
data used in this study came fro m the Two Micron A ll 
Sky Survey (2MASS) database (jSkrutskie et all 120061 ). 
However, the brightest stars in the SPINR FOV sat- 
urated the 2MASS instrument, so alternative IR mea- 
surements were sought from various sources. For 5 Sco 
(HD 143275), a Sco (HD 147165), p Oph (HD 147933), 
and X Oph, J(1.25 pm), H(1.65 /im), K(2.2 ^m) band 
data were taken from The et al. (1986). Additionally, IR 
data fro m Eeitherer fc Wolfl (|1984f ). iCarteii (|l99a) . and 
iJohnsonI (|1966[ ) were used for determining Ry along the 
lines of sight to (3 Sco, u) Sco, and v Sco respectively. 

Values for E{V - J), E{V - H), and E{V - K) 
were then ca l culate d using the intrinsic color indices 
from iWegnej (|1994l ) corresponding to the MK classifi- 
cations presented in Table [TJ For lines of sight with 
E{B — V) < 0.1, Rv = 3.1 was assumed since these 
small values would generally lead to large discrepancies 
in the calculation of Rv- Because a Sco B (HD 148479) 
is the companion star to an IR bright M type star (HD 
148478), it proved difficult to use IR data to predict the 
value of Rv in the a Sco region, therefore the Ry value of 
its nearest neighbor (HD 148605) was used. The derived 
values for Ry are presented in Table [5] 

The optical depth as a function of wavelength, t(A), 
for each line of sight was calculated by 



r(A) 



E{B - V) 
1.086 



[fc(A-y)+i?y]+rH,(A), (4) 



using the derived extinction curves (fc(A — V))^ H2 at- 
tenuations (''■H2('^))j ^-iid Rv parameters. With t(A) de- 
termined, the dereddened luminosity of each star in the 
FOV is simply calculated by 



(5) 



where Lq represents the dereddened luminosity and L 
represents the reddened luminosity. The Lq spectra were 
then summed over the appropriate wavelength bands 
(Table [g. 

The effective optical depth, r^ff, was calculated using 
the weighted average over each of the SPINR wavelength 
bands given by 



(6) 



where L{X) includes SPINR's sensitivity function. Over- 
all, the contributions of H2 absorption, thj, to Te// in 
each wavelength band are small compared to extinction 
by dust [~0% in the 1235-1450 A band, -6% in 1030- 
1200 A band, and ~14% in the 912-1029 A band]. 



3.3. Nebular Flux 

The total nebular flux was determined by taking an 
average over the detector pixels that were not known to 
be part of a stellar spectrum. Due to the nature of the 
experiment's geometry these nebular pixels are not spe- 
cific to any one portion to the Upper Scorpius Cloud, 
but instead probe the nebulosity over the entire SPINR 
FOV. The radiative transfer model assumes a uniform 
sphere of dust, which best measures the average nebulos- 
ity in the Scorpius region as constrained by the average 
nebular flux. Figure [5] shows the unprocessed spectrum 
extracted for the nebular flux. An estimate of the back- 
ground was determined from the mean of the spectrum 
from 750-800 A which should be essentially equal to zero. 
It is easy to see that this spectrum is contaminated with 
telluric emission and may contain emission from other 
sources besides dust such as H2 fluorescence. The most 
prominent telluric lines in the nebular spectrum are from 
O II at 834 A, a collection of higher lyman lines and ly- 
man continuum from 906 to 918 A, H I at 972 A (Ly7), 
1025 A (Ly/3), and 1216 A (Lya), and O I at 1304 A 
(jChakrabarti et al.|[l98l . These telluric emissions were 
corrected for by determining the continuum level under 
each feature and removing the excess flux in those re- 
gions. The asymmetry in the Lya feature is the result of 
the wings of the Lya line impinging on the higher sensi- 
tivity areas of the detector (Paper I) . Figure [2] presents 
the Lya line spread function (LSF) scaled to account for 
this asymmetry. This scaled LSF was used to determine 
the appropriate amount of flux to attribute to Lya in the 
1235-1450 A bandpass. 

Determining how much, if any, H2 fluorescence was 
contributing to the nebular flux involved producing a H2 
emission model that best fit the data as described in 
section 13. 3. II The final value of the nebular flux, Fn, for 
each bandpass was determined by 

A2 A2 A2 

= £ ( A) - £ (A) - £ Itellur^c ( A) , (7) 
Al Al Al 

where /at (A) represents the unprocessed nebular spec- 
trum, I1I2W is the H2 fluorescence model, and 
Iteiiuric{X) represents identified telluric emission. Addi- 
tionally, a small correction (less than 5%) was subtracted 
from the nebular flux to account for any residual starlight 
that may have been lumped in with the nebular spec- 
trum. Uncertainties in the determination of IteUuric{X) 
and (A) were propagated to determine the overall un- 
certainty in F/v and hence Fn /F^, (Table ^ . Figure [3] 
presents the processed nebular spectrum, which has been 
scaled to match the appropriate detector area. 

3.3.1. H2 Emission 

Molecular hydrogen (H2) is the most abundant 
molecule in the ISM, with dipole-allowed band systems 
that span -912-1650 A. These are readily observed as 
a series of strong absorption features in the 912-1110 
A spectra of hot stars (as discussed in section I3.2.2|) . 
The re-emission that follows as the molecules cascade 
back to excited rovibrational levels of the ground elec- 
tronic state produces a highly structured spectru m that 
has been observed in the diffuse ISM (Martin et all 
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Il990t iLee et aLll2006D and in photodissociation regions 
near massive stars IWitt et alJll989t iFrance et al.l[200l 
[France fc McCandlissll2005( ). Consequently. eflForts to de- 
termine the grain properties from scattered light obser- 
vations at FUV wavelengths should ac count for the con- 
tribution, if any, fro m H2 fluorescence (jWitt et alJll993l : 
IShalima et aLl[2006h . 

This study used a model of H2 fluorescence to as- 
sess the importance of these emissions and correct for 
their contribution to the nebular spectra obtained by 
the SPINR experiment. The H2 fluorescence model, 
described in iFrance et al.l 12005), was adopted for the 
present work, which takes input parameters such as the 
total column density, Doppler 6-value, and the distribu- 
tion of molecules among the rovibrational levels of the 
ground electronic state. The code computes photoex- 
citation rates into the upper electronic states that de- 
pend on the strength of the illuminating radiation field 
at the transition wavelength. These excited levels de- 
cay to the ground electronic state, obeying the appropri- 
ate br anching ratios and selection rules (jAbgrall et al.l 
Il993al |bl). These transitions produce the synthetic fluo- 
rescence spectrum. 

The unprocessed nebular spectrum presented in Figure 
[3] shows the presence of emission features in addition to 
those attributed to telluric lines, which is an indication 
of the likely presence of H2 fluorescence in the Upper 
Scorpius region. However, the FOV and spectral reso- 
lution of the SPINR instrument makes a determination 
of the exact properties of the fluorescent H2 challeng- 
ing, thus a template spectrum was created that can be 
scaled to the observed flux level, enabling the subtrac- 
tion of the flux due to H2 fluorescence from the nebular 
data. Typical values for the column density of the dif- 
fuse ISM (N(H2) = 10^0 cm-2) and 6-value (2 km s^i) 
were assumed for the model. The ground state popula- 
tion distribution is uncertain. Noting that several studies 
of photoexcited H2 emission are characterized by rota- 
tional exci tation temperatu res of ord er several hundred 
K (Mart ini et al.l[l9 99: Ha bart et al . 2004; AUcrs et all 
[20051: IFrance et alBoOTI) . A value of T(H2) = 500 K was 
adopted. By contrast, observational studies suggesting 
radiatively excited H2 at the diffuse ISM H2 kinetic tem- 
perature of ~75 K (jSavage et al.lll977HBurgh et al.ll2007D 
have not been found in the ISM. It is likely that within 
the large SPINR FOV cold ( 77 K) H2 populations that 
are responsible for the absorption of stellar UV light co- 
exist with warm ( 500 K) II2 populations that are re- 
sponsible for the observed II2 fluorescence. 

The illuminating radiation field was assumed to be a 
lightly reddened BOIV star, characteristic of the spectral 
type of the hot stars in Scorpius a nd the average inter- 
stellar radiation field (Draind ll978l ). This radiation field 
was created from FUSE spectra of a BOIV star from 
916.6-1181.9 A, covering essentially all of the absorbing 
transitions for T(Il2) = 500 K. Since the template spec- 
trum was scaled, changes in absolute fiux were not of 
concern. Changes in spectral shape caused by varying 
the temperature and radiation field were largely washed 
out by convolving the model to the 10 A instrumental 
resolution. 

In summing over the large SPINR FOV, an ensemble 
of illuminating radiation fields and H2 column densities 



were taken, thus no attempt was made to reproduce the 
absolute flux of the observed emission. The individual ro- 
tational lines are not resolved with SPINR, and the long 
wavelength cut-off (1450 A) does not permit a measure- 
ment of the 1578/1608 ratio. However, detection of H2 
fluorescence and dust scattered light with SPINR allows 
the determination of their relative contribution to the 
FUV light from Scorpius. The scaled synthetic H2 fluo- 
rescence spectrum and the residual dust scattered light 
from the SPINR nebular data were integrated over three 
of the model component bands (912-1029 A, 1030-1200 
A, 1235-1450 A). The relative contribution of H2 emis- 
sion to the diffuse FUV light in Scorpius in each of the 
SPINR bandpasses is deflned as 

fH^ ^ Eai (A) 

where j is the FUV bandpass, /h2(A) is the fluores- 
cence model, and Fn{X) is the dust scattered light. The 
relative contribution of H2 fluorescence to the nebular 
light is w 29% in all three bands, with individual values 

of [/912-10297 /1030-1200' /1235-1450] = [0.272 ± 0.069, 
0.314 ± 0.079, 0.284 ± 0.071]. 

This determination of ff^ is consistent with early the- 
oretical considerations by 'J akob senI (J1982')- Using band- 
pass parameters similar to those chosen for the SPINR 
observations, he predicts that H2 fluorescence could ac- 
count for '^30% of the total nebular flux (//^qo 0.3). 
This finding is also in agreement with the Berkeley 
UVX Shuttle Spectrome ter observations of the diffuse 
ISM (|Martin et al.l 119901 ). which provided the first di- 
rect detection of H2 fluorescence in the diffuse ISM. 
The SPINR results are in excellent agreement with their 
Targets 4 (;,5=168°,-16°; /]^|o = 0.27) and 6 (142,35; 
/i550 = 0.32), and reasonable agreement with their Tar- 
gets 2 (132,40; f^,l„ - 0.33) and 5 (135,25; /itso = 0.25). 

4. RESULTS AND DISCUSSION 

Dust model simulations were run for each of the SPINR 
wavelength bands to identify the value for the dust 
albedo, a, that produced the best fit to the data. This 
was accomplished by finding the a value that reproduced 
the Fm/F^, for each bandpass while varying the asym- 
metry parameter, 5, from 0.0 to 0.99. As shown in 
Figure IH there was very little variation in the best-fit 
value for the albedo over the entire range of g values for 
aU three of the SPINR bandpasses and the two STS-39 
FUVCam bandpasses. The best fit values for the dust 
albedo were o = 0.28 ± 0.07 in the 912-1029 A band- 
pass, a — 0.33 ± 0.07 in the 1030-1200 A bandpass, and 
a = 0.77 ± 0.13 in the 1235-1450 A bandpass. Addition - 
ally, the STS-39 data presented in I Gordon et all ()1994l ) 
were used in the updated radiative transfer model to 
make new estimates of the dust albedo in the Upper Scor- 
pius region for the STS-39 FUVCam 1230-1600 Al650- 
2000 Abandpasses. The new albedo values that provided 
the best fit to the STS-39 FUVCam data were slightly 
modified from the original estimate of a = 0.47 — 0.70 for 
Ae// = 13621 and a = 0.55 - 0.72 for Ae// = 17691, to 
a = 0.54 ± 0.06 and a = 0.59 ± 0.07 respectively. 
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The optical depth of each star in the model Scorpius 
cloud is determined mostly from the derived extinction 
curves, but also has some dependence on the values se- 
lected for Rv and (see section [3.2.3|) . In order to test 
the strength of the dependence of the derived albedo val- 
ues on Ry and , simulations were run for models with 
no H2 absorption and Ry = 3.1 for every stellar line of 
sight. Not accounting for H2 absorption and using a uni- 
form value of Rv = 3.1 reduced the albedo values by 
<5%, which is still well within the quoted uncertainties 
for a. Dust model simulations were also run where pres- 
ence of H2 fluorescence in the Upper Scorpius cloud was 
ignored (see section [3.3. ip . Not accounting for H2 emis- 
sion in the nebular data results in a ^^40% increase in 
Fn/F*- This increase in Fm/F^, resulted in values for 
the albedo of a = 0.35 ± 0.05 in the 912-1029 A band- 
pass, a = 0.43 ± 0.05 in the 1030-1200 A bandpass, and 
a = 0.93 ± 0.04 in the 1235-1450 A bandpass, which are 
all within 2a of the best albedo estimates accounting 
for H2 emission. Overall, the derived albedo values are 
not particularly sensitive to the amount of H2 absorption 
or Rv value selected along any given line of sight. How- 
ever, moderate inconsistencies can be introduced into the 
albedo values if H2 fluorescence is not considered. 

Because SPINR was able to record spatial information 
about the dust in the Upper Scorpius region in addi- 
tion to spectral information, it was possible to determine 
the value of g that best reproduced the SPINR data. 
Model images were produced over a range of g values 
from 0.00 to 0.99 and with a values corresponding to the 
best fit for each g value (Figure [4|) . These model images 
were "spun" into sinogram space using a transformation 
matrix and then compared to the SPINR sinograms us- 
ing a cross-correlation metric. The error in the cross- 
correlation metric was determined using a Monte Carlo 
simulation in which up to itlcr worth of noise was added 
to each pixel in the SPINR sinogram. The optimal g 
value was determined from the image/sinogram with the 
highest cross-correlation to the SPINR data. The range 
of acceptable g values was determined from the Monte 
Carlo error estimate on the highest cross-correlation. All 
g cross-correlation metrics that fell within the error of the 
optimal fit were deemed acceptable. 

The g value that provided the best fit to the SPINR 
1030-1200 A bandpass data was g = 0.96t[!:?^. Fig- 
ure [5] shows sinogram and image data for the SPINR 
1030-1200 A bandpass, the corresponding best fit dust 
model((7 = 0.96 and a = 0.30), and a model outside of 
the range of acceptable a and g values {g = 0.0 and 
a = 0.75). In the 912-1029 A and 1235-1450 A band- 
passes no statistically significant constraints could be put 
on the g value. It is not surprising that values for g are 
not well determined in this study since the geometry of 
the nebula in Upper Scorpius was selected for its weak 



dependence on g to better determine a. However, given 
the constraint from the 1030-1200 A bandpass we can 
confidently say that g > 0.42 at the three sigma level. 
This is not a tight constraint on g, but does align with 
the general expectation for g to be highly forward scat- 
tering, g > 0.7, as shown by previous predictions for g in 
the FUV (IGordonI [20041. 

The results for a from this study are compared with 
previous studies of refiection nebulae in Figure [HI The 
values of a derived for the 912-1029 A and 1030-1200 
A bandpasses correspond well wit h both previous obser- 
vation al determinations a and the lWeingartner fc Drain3 
(|2001| ) model in this spectral region. The value of a deter- 
mined for the 1235-1450 A bandpass is on the high end of 
the observational data points scattered within the 1200- 
1400 A range, but are well within 3ct of the other obser- 
vational determination of a. However, what is clear from 
this study and previous observational stud ies of albedo in 
the FUV is that the dust models (Wcinga rtner &: Draind 
l200lt iClavton et aTI[2003l : IzHbko et al.ll200l do not cor- 
rectly account for the apparent rise in the albedo from 
around 1200 A to 1800 A. Further observational studies 
of the ISM in this spectral region are needed to fully char- 
acterize this rise in the albedo and determine its source. 

5. SUMMARY 

Both the stellar and nebular populations of the Up- 
per Scorpius region have been characterized in the FUV 
(912-1450 A) in this study. The derived nebular and stel- 
lar flux levels were used to constrain a radiative transfer 
model and make a determination of the a and g val- 
ues that the dust grains in the region possess for three 
bandpasses (912-1029 A, 1030-1200 A, and 1235-1450 A). 
Overall, the values for a and g derived in this study cor- 
roborate previous findings that dust in the ISM is highly 
forward scattering {g > 0.7) and possess a low albedo 
(a < 0.4) in the 912-1200 A wavelength regime. 
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TABLE 1 
Stellar Data 



No. 


HD 


Name 




b{°) 




V ^ 

* mag 


E(B-V)'' 


lUE Data 


1 


149438 


r Sco 


351.535 


12.807 


BOV 


2.82 


0.034 


swp33008 


2 


143275 


5 Sco 


350.096 


22.491 


B0.3IV 


2.32 


0.120 




3 


144217 


/3 Sco 


353.197 


23.601 


BIV 


2.62 


0.170 




4 


143018 


TT Sco 


347.214 


20.231 


BIV 


2.89 


0.065 




5 


147165 


a Sco 


351.314 


16.998 


BlIII 


2.89 


0.340 




6 


142669 


p Sco 


344.628 


18.272 


B2IV-V 


3.88 


0.022 


swp32877 


7 


144470 


llJ Sco 


352.751 


22.772 


BIV 


3.96 


0.190 




8 


145502 


u Sco 


354.608 


22.700 


B3V 


4.01 


0.250 




9 


145482 


13 Sco 


348.117 


16.836 


B2V 


4.59 


0.044 




10 


148605 


22 Sco 


353.099 


15.796 


B2V 


4.79 


0.069 


swp09221&lwr07977 


11 


141637 


1 Sco 


346.098 


21.705 


B3V 


4.64 


0.160 


swp42216&lwp20988 


12 


142114 


2 Sco 


346.876 


21.614 


B2.5Vn 


4.59 


0.140 


swp2061 l&lwrl6524 


13 


147933 


p Oph 


353.687 


17.687 


B2IV 


4.63 


0.450 




14 


148479^^ 


a Sco B 


351.946 


15.065 


B3V 


4.91 


0.150 


swp05892&lwr05146 


15 


148184 


X Oph 


357.932 


20.677 


B21Vpe 


4.42 


0.490 


swp54090&lwp30205 


16 


142096 


A Lib 


350.725 


25.378 


B2.5V 


5.03 


0.200 


swp42326&lwrl0778 


17 


142184 




347.932 


22.545 


B2.5Vne 


5.42 


0.155 


swp36741&lwpl5993 


18 


142990 




348.121 


21.196 


B5IV 


5.43 


0.090 


swp42227 


19 


142165 




347.514 


22.149 


B6IVn 


5.39 


0.113 


swp42217&lwpl7717 


20 


142378 


47 Lib 


351.648 


25.657 


B5V 


5.94 


0.140 


swp09236&lwr07996 


21 


142883 




350.885 


24.085 


B3V 


5.85 


0.200 


swp36751&lwpl6004 


22 


144334 




350.348 


20.855 


B8p 


5.92 


0.081 


swp21083&lwrl6819 


23 


142301 


3 Sco 


347.124 


21.513 


BB8IIIp 


5.87 


0.110 


swp21092&lwrl6825 


24 


142250 




345.568 


20.005 


B6Vp 


6.14 


0.050 


swp36742 


25 


146001 




350.386 


18.119 


B7IV 


6.05 


0.153 


swp38567&lwpl6003 


26 


145792 




351.011 


19.029 


B5V 


6.41 


0.169 


swp36749&lwpl6002 


27 


144661 




349.992 


19.970 


B7IIIp 


6.33 


0.097 


swpl3953 


28 


145483 


12 Sco 


347.745 


16.499 


B9V 


5.67 


0.059 


swpl6306 


29 


144844 




350.734 


20.369 


B9IVp 


5.88 


0.116 


swp36828 


30 


142884 




348.963 


22.255 


B9p 


6.79 


0.159 


swp36743 


31 


146416 




353.981 


20.596 


B9V 


6.61 


0.075 


swp36831 


32 


142315 




348.980 


23.299 


B8V 


6.86 


0.116 


swp36837&lwpl6118 


33 


145102 




348.546 


17.872 


B9Vp 


6.59 


0.144 


swp36829&lwpl6110 


Additional Standard Stars'* 




122980 


X (^en 


317.730 


19.538 


B2V 


4.35 


0.04 


swp46857&lwp24818 




32630 


r] Aur 


165.354 


00.272 


B3V 


3.17 


0.02 


swp08197&lwr07125 




3360 


C Cas 


120.776 


-08.914 


B2IV 


3.66 


0.04 


swp04316&lwr03812 




61831 




252.138 


-07.898 


B2.5V 


4.84 


0.03 


swpl4309&lwrl0940 




90994 


/3 Sex 


246.415 


46.167 


B6V 


5.07 


0.00 


swpl5791&lwrl2162 




34759 


p Aur 


166.565 


02.927 


B5V 


5.22 


0.01 


swpl5537&lwr09868 




29335 


49 Eri 


195.134 


-28.939 


B7V 


5.31 


0.00 


swpl5788&lwrl2159 




222173 


K And 


109.766 


-16.714 


B9IVn 


4.14 


0.07 


swp33853&lwpl3557 




196867 


a Del 


060.304 


-15.321 


B9V 


3.77 


0.01 


swpl5545&lwrl2025 



From lHoffleit fc Warreiil lITMll '). 
^ E(B -V) values taken preferentally from IPapai et al.l II 199 II ) then Ide Geus et al.l 119891') and finally IWeeneil 

ll2003l1 . 

" MK, Ymag, and E(B-V) for HD 148479 were taken from lSnow eFaLl llT987t) . 

All standard star data taken from lWu et al.l 119981) . 
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TABLE 2 
Nebular to Stellar Flux Ratios 



Bandpass 






912A-IO29A 


973A 


0.377±0.041 


IO3OA-I2OOA 


1106 A 


0.406±0.052 


I235A-I450A 


1261A 


1.301±0.159 
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TABLE 3 
Measured Reddened Luminosities 



HD 




L[973A] 

(counts s~^ bandpass ~'^) 




L[1106A] 

(counts bandpass"^) 




L[1261A] 

(counts bandpass"^) 




149400 


d4d1.77±42.u1 


7Ud8.9U±39.d3 


o/^nn nn i Ti c nn 

3d2U.92±715.02 


1462(0 


45yz.U8±ZD.zl 


'7cmo r\ A 1 on nn 

7ozo.U4±oz.yz 


o3dU.o7±z7.5d 


144217 


OQI Q Q/l -1-91 7Q 


4fiQ1 7S-I-9Q "^Q 


zoi-L-ooinzy. / o 


1 A Dm Q 
14v5Ulo 


oyzy.D ( ±:ZD. Id 


ftftnc^ Qnj_QQ 1 A 
ODUO.oy ±oo. 14 


0AAC\ 1ftJ_07 7*3 

z44y. lodzz ( . i o 


1 /I Vl fic; 
14 / IDO 


i oy.zo±:lo.lo 


1 cnn 1 nj_on ta 
loyU. iy±zU. ( 4 


non /ic;j_oi ftft 
yzU.40iLzl.DD 


1 A Olefin 


iyo.llitlo.ycs 


1 1 'zv c;Qj_on 1ft 
11 / / .Oo±:zU.lD 


a'vn onj-1 qo Qft 
0( U.zyiLloZ.oD 


'{AAA vn 
1444 (U 


c^fto ftnj-1 A oi 
0DZ.Dyitl4.Zl 


1 QOf; QVJ-I Q /1ft 


TQQ ftQJ-OI VO 
/OO.DvSltZl. ( Z 


1 A c;c;no 
14ooUz 


zio.ol±lz.oo 


1QJ-1 c; 7n 
oo / . loitlo. ( U 


OQn /lO-l-OO QQ 

zoU.4z±zz.oo 


1 A AQO 

14o4o^ 


Qon on_Lio A'7 
ooU.zy±lz.4/ 


oTft AQJ_i c;n 

o7D.Uo±lo.oy 


QQ'z '7'7j_in on 
ooi.ti ±ly.zU 


1 A oant^ 
14oDUo 


Qfxa QO_LiQ nn 


ftC? QftJ_i c no 


Qlft '70J_0n ftO 

ol0.7o±zU.OZ 


14lDo ( 


oi /I 1 A-i-1 o no 
zl4.14iLlz.yz 


ylOO ORJ-1 C /1'7 

4yz.zD±l0.4/ 


Oft/i QO-LOr; 1 ft 
zD4.oz±zO. ID 


1 A01 1 A 
14zll4 


QQSJ '71 J-1 O /10 

oocS. ( ldilz.4z 


QQO 07 J-1 r; oc 


Km /inj-on Qn 
0U1.4U±zU.oU 


1 A 'TOQQ 

14/ yoo 


loc5.<5UiLll.Do 


QOQ OQ J-1 Q AC\ 

ozo. zc5itlo.4y 


001 OC;j_1 Q QQ 

zzl.zoitlcS.ocS 


1 A QATCi 

14o4 ( y 


nn 1 /I J-1 1 /II 
yy.l4±:11.41 


Qon c;c: J-1 Q ftft 


1 70 1 O-Uon qa 
1 ( Z.lz±zU.o4 


148184 


3d.29±15.99 


"1 A ^ o ■! 1 n n n 

14o.84±5U.2U 


oi no 1 1 ^ nn 

81.03±16.00 


14zUyo 


OCT 1 

44.85±23.d1 


'70 1 CO A 

14d.73±53.54 


on oo 1 1'v Tcr 

89.88±17.75 


14zl84 


57.28±31.71 


"1 crn 0,1 1 cr n oo 

159.24±59.38 


crn OT 1 "in ncr 

5U.87±1U.U5 


i4zyyu 


on c\i~i 1 ri on 

2U.92±9.8U 


on nn i nn no 

8U.9U±29.U8 


5U.4d±9.9d 


142165 


17.d4±8.72 


A 1 n /I on 

7u.d4±24.39 


nn '^o 1 ot 

29.73±5.87 




1 n J_ /I on 

lu. /o±4.5y 


A A Q C^_l_ 1 A 

44.8oitl4.o4 


on oc^t^ nn 
29.88±0.9U 


1 /I o o o o 

14288o 


18.d1±9.45 


62.o8±22.31 


24.12±4.7d 


144334 


0.06±0.03 


2.42±0.87 


21.60±4.26 


142301 


0.06±0.03 


2.34±0.78 


20.93±4.13 


142250 


4.56±2.13 


23.99±8.62 


16.86±3.33 


146001 


1.03±0.51 


8.85±3.08 


12.94±2.56 


145792 


1.83±1.01 


11.93±4.70 


12.71±2.51 


144661 


0.35±0.16 


4.40±1.58 


12.64±2.50 


145483 


O.OOitO.OO 


0.63±0.22 


8.01±1.58 


144844 


0.04±0.02 


1.87±0.69 


10.71±2.11 


142884 


O.OOiO.OO 


0.32±0.11 


4.67±0.92 


146416 


O.OOiO.OO 


0.23±0.08 


3.33±0.66 


142315 


0.03±0.02 


1.14±0.41 


3.45±0.68 


145102 


O.OOiO.OO 


0.19±0.07 


2.40±0.47 



FUV Dust Albedo in Upper Sco 



TABLE 4 
FM88 Curve Coefficients 



HD 


Standard(HD) 


Cl 




C2 






C3 






C4 






7 






An' 






149438 




-0.07±0.02 


0. 


,70±0, 


,01 


3, 


.23±0, 


.05 





.41±0. 


.01 


0, 


.99±0, 


.01 


4. 


.596±0, 


Oil 


143275 


143018 


-1.29±0.22 


0, 


,86±0, 


,04 


2, 


.59±0, 


.35 





.22±0. 


,03 


0, 


.77±0, 


.06 


4. 


,555±0, 


.014 


144217 


143018 


1.07±0.15 


0, 


,38±0, 


,03 


2, 


.73±0, 


.19 





.32±0. 


,02 


0, 


.66±0, 


.03 


4. 


,502±0, 


.007 


143018 




-0.07±0.02 


0, 


,70±0, 


,01 


3, 


.23±0, 


.05 


0, 


.41±0. 


,01 


0, 


.99±0, 


.01 


4. 


,596±0, 


.011 


147165 


143018 


1.46±0.08 


0, 


,29±0, 


,01 


2, 


.77±0, 


.14 


0, 


.15±0. 


,01 


0, 


.83±0, 


.02 


4. 


,572±0, 


.006 


142669 




-0.07±0.02 


0, 


,70±0, 


,01 


3, 


.23±0, 


.05 


0, 


.41±0. 


,01 


0, 


.99±0, 


.01 


4. 


,596±0, 


.011 


144470 


143018 


0.10±0.15 


0, 


,65±0, 


,03 


3, 


.43±0, 


.27 


0, 


.12±0. 


,03 


0, 


.81±0, 


.03 


4. 


,536±0, 


.008 


145502 


143018 


1.28±0.12 


0, 


,50±0, 


,02 


3, 


.58±0, 


.26 


0, 


.34±0. 


,03 


0, 


.90±0, 


.03 


4. 


,526±0, 


.008 


145482 




-0.07±0.02 


0, 


,70±0, 


,01 


3, 


.23±0, 


.05 


0, 


.41±0, 


,01 


0, 


.99±0, 


.01 


4, 


,596±0, 


.011 


148605 




-0.07±0.02 


0, 


,70±0, 


,01 


3, 


.23±0, 


.05 


0, 


.41±0. 


,01 


0, 


.99±0, 


.01 


4. 


,596±0, 


.011 


141637 


148605 


-1.29±0.17 


0. 


.73±0. 


.03 


2, 


.11±0, 


.27 


0, 


.17±0. 


,08 


0. 


.77±0. 


.05 


4. 


,554±0. 


.013 


142114 


122980 


-0.54±0.20 


0. 


,64±0. 


.04 


4. 


.05±0, 


.43 


0, 


.30±0. 


,10 


0. 


.89±0. 


.05 


4. 


.590±0. 


.012 


147933 


143018 


0.89±0.06 


0. 


.40±0. 


.01 


2. 


.83±0. 


.01 


0, 


.17±0. 


.02 


0. 


.83±0. 


.02 


4. 


.529±0. 


.004 


148479 


32630 


2.40±0.20 


0. 


,22±0. 


.01 


2, 


.88±0, 


.37 





.68±0. 


.09 


0, 


.83±0, 


.06 


4. 


.567±0, 


.013 


148184 


3360 


-0.35±0.06 


0, 


,51±0, 


.01 


3, 


.32±0, 


.11 


0, 


.13±0, 


.03 


0, 


.84±0, 


.01 


4. 


,538±0, 


.003 


142096 


122980 


1.22±0.17 


0, 


,53±0, 


.03 


4, 


,11±0, 


.51 


0, 


.34±0, 


.07 


1, 


,08±0, 


.06 


4. 


,586±0, 


.014 


142184 


61831 


1.42±0.17 


0, 


,50±0, 


.03 


1, 


,38±0, 


.19 


0, 


.30±0, 


.09 


0, 


,63±0, 


.05 


4. 


,581±0, 


.012 


142990 




-0.07±0.02 


0, 


,70±0, 


.01 


3, 


,23±0, 


.05 


0, 


.41±0, 


.01 


0, 


,99±0, 


.01 


4. 


,596±0, 


.011 


142165 


90994 


0.99±0.25 


0, 


,43±0, 


.05 


2, 


,45±0, 


.45 


0, 


.03±0, 


.11 


0, 


,82±0, 


.08 


4. 


,583±0, 


.019 


142378 


34759 


0.15±0.22 


0, 


,33±0, 


.04 


4, 


,53±0, 


.55 


0, 


.06±0, 


.09 


0, 


,99±0, 


.06 


4. 


,532±0, 


.013 


142883 


32630 


0.65±0.14 


0, 


,58±0, 


.03 


2, 


,14±0, 


.21 


0, 


.28±0, 


.07 


0, 


,73±0, 


.04 


4. 


,560±0, 


.009 


144334 




-0.07±0.02 


0, 


,70±0, 


.01 


3, 


,23±0, 


.05 


0, 


.41±0, 


.01 


0, 


,99±0, 


.01 


4. 


,596±0, 


.011 


142301 


144334 


0.35±0.25 


0, 


,56±0, 


.05 


2, 


.80±0, 


.51 


0, 


.29±0. 


.12 


0, 


.85±0, 


.08 


4. 


,601±0, 


.019 


142250 




-0.07±0.02 


0. 


.70±0. 


.01 


3, 


.23±0, 


.05 





.41±0. 


.01 


0. 


.99±0. 


.01 


4. 


.596±0. 


.011 


146001 


29335 


-0.02±0.21 


0. 


,56±0. 


.04 


4, 


.11±0, 


.59 





.07±0. 


.09 


1. 


.04±0. 


.07 


4. 


.534±0. 


.016 


145792 


34759 


1.37±0.19 


0. 


,33±0. 


.03 


3. 


.15±0, 


.40 


0, 


.56±0. 


.08 


0. 


.92±0. 


.06 


4. 


.507±0. 


.013 


144661 




-0.07±0.02 


0. 


,70±0. 


.01 


3, 


.23±0, 


.05 





.41±0. 


.01 


0, 


.99±0, 


.01 


4. 


.596±0, 


.011 


145483 




-0.07±0.02 


0, 


,70±0, 


.01 


3, 


.23±0, 


.05 


0, 


.41±0, 


.01 


0, 


.99±0, 


.01 


4. 


,596±0, 


.011 


144844 


144334'^ 


-0.07±0.02 


0, 


,70±0, 


.01 


3, 


,23±0, 


.05 


0, 


.41±0, 


.01 


0, 


,99±0, 


.01 


4. 


,596±0, 


.011 


142884 


142184=^ 


1.42±0.17 


0, 


,50±0, 


.03 


1, 


,38±0, 


.19 


0, 


.30±0, 


.09 


0, 


,63±0, 


.05 


4. 


,581±0, 


.012 


146416 




-0.07±0.02 


0, 


,70±0, 


.01 


3, 


,23±0, 


.05 


0, 


.41±0, 


.01 


0, 


,99±0, 


.01 


4. 


,596±0, 


.011 


142315 


222173 


1.69±0.24 


0. 


,18±0, 


.05 


3, 


.08±0, 


.46 


0, 


.27±0. 


.11 


0, 


.85±0, 


.07 


4. 


,604±0, 


.016 


145102 


196867 


-1.16±0.21 


0. 


,70±0. 


.04 


3, 


.08±0, 


.44 





.17±0. 


.10 


0. 


.91±0, 


.07 


4. 


,509±0, 


.015 



^ Derived from nearest neighbor 



Lewis et al. 
TABLE 5 

Rv Values and Stellar Optical Depths 



HD Rv Te//[973A] re//[1106A] Te//[126lA] 



149438 


3. 


lOibO. 


,10 


0, 


,515±0, 


,332 


0, 


,406±0, 


,263 





.296±0. 


,191 


143275 


2, 


,96±0, 


,48 


1, 


,713±0, 


,293 


1, 


,340±0, 


254 


0, 


,978±0. 


188 


144217 


2, 


,59±0, 


,26 


2, 


,224±0, 


,259 


1, 


,640±0, 


217 


1 


,161±0. 


157 


143018 


3, 


10±0, 


10 


1, 


,152±0, 


,339 


0, 


,847±0, 


,286 


0, 


,567±0. 


192 


147165 


3, 


53±0, 


,19 


3, 


,463±0, 


,216 


2, 


,896±0, 


,197 


2, 


,393±0. 


166 


142669 


3, 


lOitO, 


,10 


0, 


,455±0, 


,342 


0, 


,320±0, 


,320 


0, 


,192±0. 


192 


144470 


3, 


,23±0, 


,24 


2, 


,440±0, 


,254 


1, 


,942±0, 


230 


1 


,531±0, 


183 


145502 


3, 


,28±0, 


,23 


3, 


,636±0, 


,306 


2, 


,882±0, 


,261 


2, 


,109±0, 


194 


145482 


3, 


,10±0, 


,10 


0, 


,827±0, 


,339 


0, 


,607±0, 


,303 


0, 


,384±0, 


,192 


148605 


3, 


,10±0, 


,10 


1, 


,114±0, 


,325 


0, 


,858±0, 


,273 


0, 


.590±0. 


,188 


141637 


2. 


.24d=0. 


,34 


1, 


,755d=0. 


,310 


1, 


,404±0, 


,207 


1, 


.017±0. 


,150 


142114 


2. 


.51±0. 


,29 


1, 


,962±0, 


,413 


1, 


,429±0, 


,238 


1, 


.012±0. 


,165 


147933 


4. 


.07±0. 


,15 


5, 


,404±0, 


,249 


4, 


,301±0, 


,220 


3, 


.485±0. 


,182 


148479 


3. 


lOitO. 


,10 


2, 


,523±0, 


,433 


1, 


,881±0, 


,281 


1 


.169±0. 


172 


148184 


4, 


,23±0, 


,14 


5, 


,566±0, 


,251 


4, 


,532±0, 


,215 


3, 


,703±0, 


178 


142096 


3, 


,34±0, 


,25 


3, 


,041±0, 


,375 


2, 


,366±0, 


,269 


1 


,758±0, 


,200 


142184 


3, 


,91±0, 


,38 


2, 


,388±0, 


,408 


1, 


,878ib0. 


,278 


1 


,410±0, 


,208 


142990 


3, 


lOitO, 


,10 


1, 


,536±0, 


,328 


1, 


,152±0, 


,281 


0, 


,781±0, 


191 


142165 


4, 


llitO, 


,51 


1, 


,305±0, 


,375 


1, 


,078±0, 


,228 





,892±0, 


183 


142378 


3, 


,98±0, 


,40 


1, 


,377±0, 


,315 


1 


,110±0, 


,192 





,899±0, 


152 


142883 


3, 


,30±0, 


,25 


2, 


,861±0, 


,358 


2, 


,246±0, 


,256 


1, 


,675±0, 


191 


144334 


3, 


lOitO, 


,10 


1, 


,361±0, 


,321 


0, 


,938±0, 


,254 


0, 


.701±0, 


191 


142301 


1, 


,80±0, 


,31 


1, 


,417±0, 


,409 


0, 


,968±0, 


,209 


0, 


.728±0. 


151 


142250 


3. 


,10±0, 


,10 


0, 


,896±0, 


,328 


0, 


,654±0, 


,287 


0, 


.433±0. 


190 


146001 


4. 


,04±0, 


,38 


1, 


,804±0, 


,362 


1, 


,467±0, 


,226 


1, 


.216±0. 


,184 


145792 


4. 


.87±0. 


,39 


2, 


,944±0, 


,417 


2, 


,221±0, 


,302 


1, 


.569±0. 


,214 


144661 


3. 


,10±0. 


,10 


1, 


,612±0, 


,321 


1, 


,177±0, 


,267 


0, 


.840±0. 


,191 


145483 


3. 


lOitO. 


,10 


1, 


,054±0, 


,332 


0, 


,655±0, 


,244 


0, 


.504±0. 


,188 


144844 


3. 


,31±0, 


,43 


1, 


,911±0, 


,324 


1, 


,353±0, 


,260 


1, 


.024±0. 


,200 


142884 


2, 


llitO, 


,24 


2, 


,121±0, 


,374 


1, 


,476±0, 


,212 


1, 


,173±0. 


,167 


146416 


3, 


lOibO, 


,10 


1, 


,309±0, 


,331 


0, 


,831±0, 


,244 


0, 


,642±0. 


188 


142315 


4. 


,79±0, 


,57 


1, 


,522±0, 


,392 


1, 


,108±0, 


,229 


0, 


.911±0. 


,185 


145102 


4. 


,29±0. 


,42 


1, 


.964±0, 


,416 


1, 


,406±0, 


,230 


1, 


.183±0. 


,191 



FUV Dust Albedo in Upper Sco 



TABLE 6 
Dereddened Luminosities 



HD 




Lo[973A] 

(counts s~^ bandpass"^) 




Lo[1106A] 

(counts bandpass"^) 




Lo[1261A] 

(counts bandpass"^) 




149405 


1U245.DD±3441.U7 


lU4z5.UU±Z0DZ.07 


AOCO 1 r* 1 OOO OO 

48d8.1d±888.83 


146270 


258zU.DO±75zo.zy 


25o77.7D±DDUo.io 


ocT/^o / ■ o 1 ircTO r\ A 

85o2.oy±lo5o.U4 


144217 


ZZU 1 iJ.UOZIIiJ j _Lo.UO 


9/|c;q-| Q7-L/17/1(^ c:o 
Z4:OOl.O 1 ^"yii "410.00 


ijoyz.yyinyoi .ou 


1 A Dm Q 
14v5Ulo 


lzOoy.Uo±4z40.4 ( 


1C;/1/IQ 1 1 _L 1)700 1/1 

1044o. llitvS i yo. 14 


OODO.Z ( zt ( UD.UU 


1 ATI fic; 
14 / IDO 


Z4 i oo.Dl±Ooy ( .ZD 


o4ol4.4U±Doy ( .OU 


llZ04.o4it loo I .OU 


1 A Olefin 


1104.UOitoo ( .Oy 


lDoD.04zt4UZ.ZD 


Q10 nO_L1/IQ Ofi 

olz.Uy±:14o.zD 


A A A A Vn 


DoZl.Doitzl 1 I 1 . 1 


OQAT fi 1 -1-1 O/lfi ni 

you / .Dizt ly iD.ui 


O ( OU.o4ztDD 1 .Uo 


1 A c;c;no 
1400Uz 


yooo. (oztzyoy.oz 


yo (y.ooztzoUz. 10 


ZlDl. lozt4Uo.yo 


1404o^ 


yzo.4ziLolU.oZ 


1 c;ni Q/iJ-uni qi 

ioyi.o4iLoyi.oi 


c;c;o O/I -Lino ov 

ooz.y4itiuu.y / 


14c5DUO 


lUzU.oU±o4z. /y 


1 KOI OQ-LQOI 01 

loyi.uttitoyi.zi 


'TQO 1 1 -1-1 QQ '7') 

( oz. llitloo. ( o 


1/11 fiQ'V 
141Do ( 


iooy.yz±4Do. / 


zUzo.i5<5±ocS<5.4o 


AC\R. Q0_L.'70 

4yD. oz±: / z.oo 


1 A01 1 A 
14Z114 


zDZl.oOdilllcS.Ui? 


ooyo. 1 ( itcSUo.cSO 


1 Qon or;_i_oi A AO 
locSU.yo±Zi4.4Z 


1 A 'TOQQ 

14/ yoo 


4oc5<5i.oziLiUyo * .ID 


z4;510.Uo±ol4c5.oy 


100/I0 TAJ-OQOa An 
LZif^iZ. 1 4iLzoz0.4y 


1 A QATCi 

14o4 ( y 


IfilQ 01 J-'TQQ riQ 
iDlO.Zllt / 00. Uo 


zuou.oyztoiD.oy 


VO/I OfiJ_1 Q/1 O/I 

( y4.yodi lo4.z4 


148184 


1U0U2.99±3585.40 


14499. 43±3999. 70 


OOOO oo 1 OTO O 

330U.9U±873.d2 


14zUyo 


y59.72±337.73 


lbU8.49±429.98 


rr oo MO 1 1/icr a o 

o22.12±145.4o 


14zl84 


Doz.y5±zz4.yy 


1 rt£:?n oo 1 ooo cro 

1UdU.83±288.53 


ooo /I 1 cm A cr 

2u8.d4±59.45 


i4zyyu 


98.U7±33.11 


o tr r\ 1 o 1 i^T ri cr 

259.12±d7.95 


1 1 o o T 1 on 1 1 

11U.27±3U.11 


142165 


d5.45±z2.dU 


zU8.89±57.U2 


r* 1 1 1 o ^ o 

72.51±19.49 




AO n/^_Li /I on 
4z.yDibl4.oU 


lo( .Uy±o^.2/ 


/o.4o±1o.2d 


1 /I o o o o 

14z88o 


331.d2±115.84 


dUd.d9±1d2.Ud 


1 oo n/^ 1 OCT 1 cr 

128.9d±35.15 


144334 


0.24±0.08 
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Fig. 1.— Comparison of broadband (1230-1600 A) image taken with the STS-39 FUVCam (lOOs exposure) and the reconstructed images 
in each of the SPINR wavelength bands. Although the spatial resolution is lower in the SPINR images than the STS-39 FUVCam image, 
the basic structures of region are clearly visible in the 1235-1450 A bandpass image and in close correspondence with the STS-39 FUVCam 
image for 1230-1600 A. The reconstructed SPINR images are included for visualization purposes only. All quantitative analysis is done 
using the raw SPINR sinogram data. 
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Fig. 2. — The raw observed diffuse brightness and the derived background level. In addition to the background level (which is a 
combination of the detector dark rate and scattered Lya) this figure shows the approximate Lya LSF. The LSF is from calibration data 
shifted in wavelength and scaled to match the observed emission line strength. A second LSF is shown scaled to the strength appropriate 
for the wings of Lya as they impinge on the high sensitivity areas of the detector (away from the core of Lya). For further details of the 
detector sensitivity see Paper L 
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Fig. 3. — Comparison of the nebular (dotted line) and stellar (solid line) spectra derived from SPINR data. Telluric lines that were 
removed from the unprocessed nebular (dashed line) spectrum are noted. Also, the modeled H2 emission removed from nebular spectrum 
is presented (dash-dot line). The nebular spectrum remains relatively constant across all bandpasses, while the stellar spectrum peaks in 
the 1030-1200 A bandpass. This directly corresponds to derived nebular to stellar flux ratios (Table [2]|, which shows a steady increase in 
the ratio from the 912-1029 A to the 1235-1450 A bandpass. 
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Fig. 4. — Optimal dust albedo values as a function of g for the SPINR and STS-39 FUVCam data. As can be seen there is very little 
variation in the derived values of a across all values of g. This is a direct result of the spherical cloud with embedded stellar sources 
geometry of the Upper Scorpius region. 
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Fig. 5. — Comparison of the SPINR data, best fit dust model, and a model outside the acceptable ranges for a and g for the 1030-1200 
A bandpass. The cross-correlation metric between the sinograms was used in determining the optimal g value and the uncertainty in this 
measurement for the 1030-1200 A bandpass. Model/observation comparisons were made in sinogram space because the transformation 
from image to sinogram space is more precisely known than the transformation from sinogram to image space. The signal-to-noise ratio is 
higher for the model, which accounts for the small differences seen between the images. The a = 0.75 and g = 0.0 model is brighter in the 
regions between the stellar sources, which is not generally seen in the SPINR observations. 
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Fig. 6. — A plot of albedo (a) vs. wavelength for the values derived in this study along with other values from literature for reflection 
nebulae. The values for the albedo derived in this study show strong correspondence with albedo values derived from other observational 
studios. The derived albedos for \eff = 973 A and 1106 A are well correlated with the results from Calzet ti et al.l (119951 ) and the dust 
model of lWeingartner &: Drain"3 120011) . The derived albedo for A^/ / = 1261 A is higher than would nominally be expected from the STS-39 
FUVCam observations, but still within Icr of other albedo measurements in this spectral region, which all show significant deviation from 
model predictions. 



